
Supplementary Text 1A. Structural differences between MD simulations.  1 

The Ca RMSD data from Table S2A for full-length recombinant AdcA in the metal-bound states 2 

shows that the average Ca RMSD from two runs (runs 4,5) differ from the other runs, suggesting that 3 

in these runs different protein conformations are sampled. However, further analysis of the AdcAN 4 

domain only (residues 1 to 306) or AdcAC only (residues 314 to 502) without the loop that connects 5 

the AdcAN and AdcAC domains (Table S2A) reveals that variation of the average Ca RMSD values 6 

between the runs of the metal-bound state is reduced, indicating that the difference most likely arises 7 

from the linker region. This was further confirmed by clustering analysis showing that differences 8 

between the two sets of trajectories lie in the motion of the linking loop and not from conformations 9 

sampled by the AdcAC or AdcAN domains themselves (data not shown). Based on the Ca RMSD of 10 

the AdcAC or AdcAN domains only, there is no statistically significant difference between the 11 

trajectories from the metal-bound and metal-free simulations. 12 

 13 

Supplementary Text 1B. Modelling DEER distance distributions. 14 

The experimental DEER distributions were modelled using a set of structures generated from five 15 

independent 750-ns long MD simulations. Each of these conformations was spin labelled in silico by 16 

attaching the spin label MTSSL and computing rotamers for the residues T60C, T69C, A73C, T98C, 17 

A233C, and A259C. The MTSSL rotamers were computed using the molecular modelling software 18 

MMM (1) using ambient temperature and the rotamer library R1A. Distance distributions were then 19 

computed for the residue pairs of AdcAT60C/T98C, AdcAT60C/A233C, AdcAA73C/A259C, AdcAT98C/A233C, 20 

AdcAT98C/A259C. Each rotamer distance distribution P(r) was normalised to unit area and the five 21 

distance distributions for each MD conformation were then arranged into a long column and the set 22 

of conformations into a matrix E. The experimental distance distributions (each normalised to unit 23 

area) were arranged into a long column y and a fit to the experimental distance distributions was 24 

determined according to y = Ec where c is a column vector containing the contributions (weightings) 25 

of each MD conformation to the modelled distance distribution. Coefficients c were determined by 26 



minimisation of the objective function q =  S(y - Ec)2, subject to the constraint that c ≥ 0.  This 27 

nonnegative linear least-squares problem was solved with using the algorithm described in C. L. 28 

Lawson and R. J. Hanson (2) and as implemented in Matlab using the function ‘lsqnoneg’. The 29 

stability of the solution was checked by cross-validation by removing the structures from each of the 30 

five independent MD runs sequentially and examining the conformation space defined by the 31 

solution. No significant differences were obtained with respect to the protein conformational space 32 

defined by the solution. We additionally examined an algorithm based on an iterative approach 33 

described by T. F. Prisner et al. (3) for constructing broad distance distribution from DEER data and 34 

the results were again very similar to those obtained from the ‘lsqnoneg’ algorithm. 35 

 36 

Supplementary Text 1C. Instrument parameters and data analysis 37 

Protein crystallization, structure determination, and analyses: Protein crystals of Zn2+-bound 38 

AdcA were obtained in 10% w/v polyethylene glycol (PEG) 20000, 18% v/v PEG monomethyl ether 39 

(MME) 550, 0.03 M CaCl2, 0.03 M MgCl2, and 0.1 M MES/imidazole pH 6.5 at 291 K, with a protein 40 

concentration of 10 mg.mL-1 and ZnCl2 at a 1:10 protein to Zn2+ molar ratio, using the hanging-drop 41 

vapor-diffusion method. The AdcAN fragment was crystallized as described before (4) and the AdcAC 42 

fragment was crystallized in 0.1 M sodium acetate, pH 4.5, and 30 % (w/v) PEG MME 5000 at 293 43 

K, also using the hanging-drop vapor-diffusion method with a protein concentration of 10 mg.mL-1. 44 

Prior to data collection, the crystals were flash-cooled by rapid immersion in liquid nitrogen. The 45 

diffraction data were collected on a single crystal at the Australian Synchrotron MX beamlines (5, 6). 46 

To determine the structure of AdcA and truncated variants, the diffraction data were indexed and 47 

integrated using XDS (7), then scaled and merged in Aimless (8). Initial phases were obtained by 48 

molecular replacement using Phenix.Phaser (9), followed by model building in Phenix.AutoBuild 49 

(10). The structures were iteratively refined with Phenix.Refine (11) and adjusted manually in Coot 50 

(12). Structure validity was assessed using the Molprobity online server 51 

(http://molprobity.biochem.duke.edu) (13). Structural analyses (superpositions, metal-ion 52 



coordination and N-/C-terminal domain-crossing angles) were performed in MacPyMOL (Version 53 

1.3 Schrödinger, LLC) and Chimera (14). Data collection, processing, and structure refinement 54 

statistics can be found in Table S1.  55 

 56 

Electron paramagnetic resonance (EPR) spectroscopy: Surface-exposed, non-conserved positions 57 

of AdcA were selected for the introduction of cysteine residues for subsequent labelling. Mutant 58 

variants were generated by site-directed mutagenesis (Quikchange Lightning Kit, Agilent 59 

Technologies) using primers listed in Table S3A and produced in E. coli LEMO21(DE3) from their 60 

respective expression constructs listed in Table S3C. Labelling of the recombinant AdcA-Cys variant 61 

isoforms (10 μM) was achieved by incubation with 100 μM S-(1-oxyl-2,2,5,5-tetramethyl-2,5-62 

dihydro-1H-pyrrol-3-yl)methyl methanesolfonothionate (MTSSL; Santa Cruz Biotechnology) in a 63 

final volume of 1 mL at 277 K for 24 hours under agitation. Free MTSSL was removed by dialysis 64 

(10 kDa MWCO SnakeSkin dialysis tubing; Thermo Fisher Scientific) in 1 L of buffer solution (20 65 

mM MOPS pH 7.2, 100 mM NaCl) at 277 K for 24 h. The dialyzed sample was concentrated to 500 66 

μL (10 kDa MWCO Ultra-4 Centrifugal Filter Unit; Amicon) and purified by size-exclusion 67 

chromatography (Superdex 75 Increase 10/300 column; GE Healthcare Life Sciences). The purified 68 

sample was concentrated to 100 μM (10 kDa MWCO Ultra-4 Centrifugal Filter Unit; Amicon) and 69 

the sample loaded into a quartz EPR tube and flash-frozen in liquid N2 in preparation for EPR 70 

measurement. 71 

X-band CW (continuous wave) EPR spectra in solution were measured on a Bruker Elex E540 72 

spectrometer equipped with a Bruker Super High Sensitivity resonator and a N2 temperature control 73 

system (Eurotherm). Measurements were made using a modulation amplitude of 0.2 mT and a 74 

modulation frequency of 100 kHz. Four pulse double electron electron resonance (4P DEER) 75 

experiments were carried out on a Bruker Elex580 equipped with a Q-band resonator (EN 5107D2, 76 

1.6 mm EPR tubes), a 150 W TWT amplifier (Applied System Engineering Inc., model 187 Ka) and 77 

a cryogen free He cryostat (model PT415) held at 55 K. Experiments utilized the detection sub-78 



sequence p/2 – t1 – p – t1 – t2 – p – t2 – echo, with a p pump pulse moved within the first time period 79 

(– t1 – t2 –). The detection sub-sequence was phase-cycled according to [+x, +x, +x, +; –x, +x, +x, 80 

−]. Parameters: tp/2 = 12-16 ns, tp = 24-32 ns, tp,ELDOR = 16-20 ns and T = 3000 to 5000 ns. The pump 81 

pulse was positioned at the maximum of the nitroxide echo signal and the detection pulse frequency 82 

lower, Dn = (ndet – npump) = -70 MHz. Distance distributions were computed from the DEER time 83 

traces with the software DeerAnalysis (version 2016) (15) using the Tikhonov regularization option 84 

and a regularization parameter in the range l = 100 - 1000. In silico modelling of the MTSSL spin 85 

label rotamer distributions for the various metal-free and Zn2+ bound protein conformations were 86 

computed using MMM 2018.2. (1). 87 

 88 

Molecular dynamics simulations: The crystal structure of Zn2+-bound AdcA was used as the starting 89 

structure for all simulations. The loop formed by residues 120-133 is missing in the crystal structure 90 

and was modelled based on the loop from the structurally related protein PsaA (16). In the crystal 91 

structure, the Zn2+ ion is coordinated by His63, His140, His204 and Glu279 in the AdcAN domain 92 

and by His452, His461 and His463 in the AdcAC domain. Consistent with the crystal structure, the 93 

His residues were modelled with a hydrogen atom on the Nd1 such that the metal is coordinated by 94 

Ne2. For all simulations, AdcA was placed in a rectangular box and solvated with water molecules. 95 

Charge was neutralized by adding Na+ ions and additional Na+ and Cl- ions were added to obtain a 96 

final ionic strength of 150 mM NaCl. For simulations of Zn2+-free AdcA, the setup was identical 97 

except that the two Zn2+ ions were removed from the crystal structure. The system was energy-98 

minimized using a steepest descent algorithm. The solvent and protein side-chains were relaxed using 99 

a 5 ns simulation in which the protein backbone atoms were position-restrained. This was followed 100 

by five independent 750 ns simulations for both the Zn-bound and Zn-free system, respectively.  101 

All simulations were carried out using the GROMACS package version 5.0.1 (17), in 102 

conjunction with the GROMOS 54a7 force field (18) for protein and the simple point charge (SPC) 103 

model for water (19). Simulations were carried out under periodic boundary conditions with at least 104 



1.5 nm between the protein and the box wall. Non-bonded interactions were described using a twin-105 

range cut-off scheme with a 0.8 nm cut-off for short-range interactions and a 1.4 nm cut-off for long-106 

range interactions. For long-range electrostatic interactions beyond 1.4 nm a reaction field correction 107 

was applied using a relative dielectric constant of ε = 78.5, which was developed to be used for 108 

simulations with GROMACS and the GROMOS force field. The lengths of covalent bonds were 109 

constrained using the SHAKE algorithm, while the geometry of water molecules was constrained 110 

using the SETTLE algorithm. Simulations were carried out in the NPT ensemble at T = 298 K and P 111 

= 1 bar. The Berendsen thermostat and barostat (20) with coupling constants of 0.1 ps and 0.5 ps were 112 

used to maintain the temperature and pressure close to their reference values. For the isotropic 113 

pressure coupling, the compressibility was 4.5 × 10-5 bar. Simulations were carried out using a 2-fs 114 

time step. Initial velocities were randomly assigned from Maxwellian distributions at 298 K. 115 

Configurations were saved every 500 ps for analysis. Analysis was carried out using GROMACS 116 

tools. Unless otherwise stated, the five independent simulations for each system were analyzed 117 

separately and only the last 250 ns of each trajectory was used for analysis. All images were prepared 118 

using VMD (21).  119 

 120 

smFRET microscopy and ALEX 121 

The smFRET/ALEX technique was adapted from our prior work (22-24). Stochastic labelling of the 122 

Cys-AdcA variant AdcAA73C/A259C used the maleimide derivatives of dyes Alexa555 and Alexa647 123 

(Thermo Fisher Scientific). Purified AdcAA73C/A259C, produced as described above, was first pre-124 

treated with 10 mM DTT for 30 min to fully reduce the cysteine residues. The proteins were then 125 

immobilized on Ni2+-Sepharose resin (GE Healthcare Life Sciences) and washed with ten column 126 

volumes of buffer (50 mM Tris-HCl, pH 7.4, 1 μM EDTA) to remove the DTT. The immobilized 127 

proteins were treated with a 5-fold excess of dye and incubated overnight at 277 K. Unbound dye was 128 

removed by washing the column with twenty column volumes of buffer, followed by elution of the 129 

labelled protein with 400 mM imidazole. The labelled proteins were then purified by size-exclusion 130 



chromatography (Superdex 200, GE Healthcare Life Sciences) achieving a labelling efficiency of 131 

>90%.  132 

Labelled AdcAA73C/A259C (25-100 pM) was studied with smFRET/ALEX at room temperature 133 

(50 mM Tris-HCl, pH 7.4; 1 μM EDTA). Microscope cover slides were coated with 1 mg.mL-1 BSA 134 

for 30-60 s to prevent protein absorption to glass (no. 1.5H precision cover slides, VWR). All 135 

experiments were performed using a bespoke confocal microscope assembly (detailed in F. Husada 136 

et al. (22)). Succinctly, two laser-diodes (Coherent Obis) with emission wavelength of 532 and 637 137 

nm were directly modulated for alternating periods of 50 µs and used for confocal excitation. The 138 

laser beams were coupled into a single-mode fiber (PM-S405-XP, Thorlabs) and collimated (MB06, 139 

Q-Optics/Linos) before entering a water immersion objective (60´, NA 1.2, UPlanSAPO 60XO, 140 

Olympus). The excitation spot was focused 20 µm into the solution. Average laser powers were 30 141 

μW at 532 nm (~30 kW/cm2) and 15 μW at 637 nm (~15 kW/cm2). Excitation and emission light 142 

were separated by a dichroic beam splitter (zt532/642rpc, AHF Analysentechnik), which was 143 

mounted in an inverse microscope body (IX71, Olympus). Emitted light was focused onto a 50 µm 144 

pinhole and spectrally separated (640DCXR, AHF Analysentechnik) onto two single-photon 145 

avalanche diodes (TAU-SPADs-100, Picoquant) with appropriate spectral filtering (donor channel: 146 

HC582/75; acceptor channel: Edge Basic 647LP; AHF Analysentechnik). Photon arrival times in 147 

each detection channel were registered by an NI-Card (PXI-6602, National Instruments) and 148 

processed using custom software implemented in LabView (National Instruments).  149 

The three relevant photon streams were analyzed (DA, donor-based acceptor emission; DD, 150 

donor-based donor emission; AA, acceptor-based acceptor emission) and assignment is based on the 151 

excitation period and detection channel. The apparent FRET efficiency is calculated by 152 

F(DA)/[F(DA)+F(DD)] and the Stoichiometry S by [F(DD)+F(DA)]/[(F(DD)+F(DA)+F(AA)], 153 

where F(·) denotes the summation over all photons within the burst. A dual-color burst search 154 

algorithm was used with parameters M = 15, T = 500 µs and L = 25 as described previously (22). In 155 

the final histogram only bursts having >150 photons were further analyzed. Data were binned into 156 



FRET histograms (101 x 101 bins) and the selected apparent FRET histograms were analyzed using 157 

nonlinear least-square methods as implemented in Origin software; no spectral corrections were done. 158 

 159 
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